A pathophysiological relationship has been reported between inflammatory processes, decreased levels of neurotrophins, increased oxidative stress and psychiatric disorders in both juvenile and adult ages. Moreover, this relationship remains unclear in juvenile bipolar disorder (BD). We performed a systematic literature review of studies reporting measurements of inflammatory markers, oxidative stress markers or neurotrophins in juvenile and young adult subjects with BD. Concordant findings showed that inflammatory markers are increased since the earlier stages of BD. A positive correlation between decreased levels of a peripheral brain-derived neurotrophic factor and juvenile BD is controversial suggesting that those changes might occur only during the late stage of BD. No changes in central glutathione levels were reported in young adult age BD indicating that oxidative stress may be an outcome of long illness duration and repeated affective episodes. In conclusion, preliminary findings indicate that a certain relationship exists between inflammatory process and juvenile BD but evidence are insufficient to support a causal relationship. Adequately powered and prospective studies are warranted to clarify the role of inflammation, neurotrophins and oxidative stress in juvenile BD. Received: 22-03-2015; Accepted: 20-04-2015 This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike 3.0 License, which allows others to remix, tweak, and build upon the work non-commercially, as long as the author is credited and the new creations are licensed under the identical terms.
INTRODUCTION
During the last 20 years, a growing body of evidences has supported a pathophysiological relationship between inflammatory processes, decreased neurotrophins levels, increased oxidative stress and psychiatric disorders in both juvenile and adult ages. [1, 2] Multiple studies analyzing peripheral biomarkers of mood disorders have provided important information on the pathophysiologic process underlying adult bipolar disorder (BD). [1, 3] Concordant and consistent evidences have shown that brain-derived neurotrophic factor (BDNF) decreases during both manic and depressive phases of bipolar illness, [4] [5] [6] increases after the treatment with antidepressant and antimanics [7] [8] [9] and correlate with the illness stage with decreased levels in the late stage of BD. [10] Several independent laboratories have found that depressive and manic states are associated with an
The role of neuroinflammation in juvenile bipolar disorder imbalance between peripheral levels of pro-and anti-inflammatory cytokines with proteomic analysis revealing that inflammatory pathways are associated with BD and modified by mood-stabilizing lithium treatment. [1, 11] Furthermore, adult subjects with BD are at higher risk of developing comorbid medical illnesses such as diabetes, metabolic and cardiovascular diseases that are also associated with elevated levels of proinflammatory markers. [12, 13] Potentially involved cytokines include tumor necrosis factor (TNF), interleukin-2 (IL-2), IL-6, IL-8, IL-13 and apolipoprotein A1. [14] [15] [16] [17] [18] Finally, growing evidences are showing that increased levels of oxidative stress may be linked to inflammatory and neuroplasticity pathways [19] and play a role in the pathophysiology of BD. [20] A meta-analysis found a significant elevation of oxidative stress biomarkers, such as thiobarbituric acid reactive substances (TBARS) and nitric oxide, during all phases of bipolar illness and preliminary data indicated that oxidative stress may be corrected with pharmacological treatments. [5, 6] As mood disorders have a relatively young median age of onset, [21] in the last 30 years pediatric mood disorders have been studied more systematically, especially depression and BD. [22] [23] [24] In addition, studying clinical features of mood disorders at onset in the offspring of adults with depression or BD has become a promising research approach. [25, 26] Several reports have shown a relationship between: (1) the dysregulation of inflammatory markers (increased levels of IL-6, IL-1β, IL-2, IL-10, INF-α and TNF); (2) genetic variation in inflammatory genes [C-reactive protein (CRP)-gene polymorphism] and pediatric major depressive disorder; [16] (3) changes in gene expression among subjects with active mood disorders; [16] (4) preliminary evidences of an association between inflammation and suicidality in depressed youths (decreased TNF-α levels in suicidal compared to nonsuicidal depressed adolescents [27] ) as well as increased mRNA and protein expression of IL-1β, IL-6 and TNF-α in Brodmann area 10 of suicide victims relative to controls. [28] Among children and adolescents with BD, there is a high prevalence of conditions associated with inflammation, such as asthma, cardiovascular disorders, diabetes and obesity, [12] often associated with inflammatory markers, [13] including elevated high-sensitivity-C-reactive protein (hsCRP) and IL-6. [29] This is even more striking considering that subjects with asthma, allergies, and other inflammatory conditions were routinely excluded from psychiatric samples.
Furthermore, recent studies have also examined the potential psychiatric applications of anti-inflammatory medications, including aspirin, nonsteroidal anti-inflammatory drugs, TNF-α antagonists, and omega-3 fatty acids, in the treatment of mood disorders. [30] [31] [32] [33] [34] Given the increasing interest in the field of neuroinflammatory mechanisms and mood disorders, we carried out a systematic review of literature analyzing the potential pathogenic role of inflammatory processes, decreased neurotrophin levels and oxidative stress in the pathogenesis of juvenile BD.
SEARCH ALGORITHM AND INCLUSION CRITERIA
We performed a literature search through PubMed using the following search algorithm: (bipolar disorder OR mania OR bipolar depression) AND (child* OR adolesc* OR youth) AND (neuroinflamm* OR inflamm* OR neurovascular OR neurotrophin* OR oxidative stress). Reports found through cross-references were also reviewed and added if they met established search criteria.
We included only original studies specifically reporting measurements of inflammatory markers or oxidative stress markers or neurotrophins in subjects diagnosed with BD. We used the following inclusion criteria: (1) original research; (2) diagnosis of BD; (3) measurement of at least one inflammatory marker or neurotrophin or oxidative stress marker; (4) subjects' age younger than 35 years; (5) reports in English language.
Two psychiatrists screened the article titles for potential relevance, reviewed the identified abstracts and selected the full-text papers potentially meeting the inclusion criteria. The papers not meeting established criteria were excluded.
The following variables were extracted from the reviewed reports: study sample size, type of study, subject age range, subject diagnosis, type of rating scales and diagnostic interviews, measurement method and type of inflammatory marker investigated and main findings of the report.
MAIN FINDINGS
Nine papers were identified through the initial database search, and three adjunctive reports were found from cross-references leading to a total of 91 screened papers [ Figure 1 ]. Twelve reviews were excluded during the abstract screening. Thirty-four full-text papers were assessed for eligibility and 30 of them were excluded due to either (1) failure to report on inflammatory or oxidative stress markers or neurotrophins (n = 3); (2) included subjects with age > 35 years (n = 19); or (3) included nonaffected bipolar offspring (n = 3). Thus, 9 studies met all our Records after duplicates removed (n = 91)
Excluded after abstract screening (reviews) (n = 12)
Full-text articles assessed for eligibility (n = 34)
Full-text articles excluded, with reasons (n = 30) (1) Failure to report on inflammatory markers or oxidative markers or neurotrophins in BD patients (n = 3); (2) included adult subjects (n = 19); and (3) examined biomarkers in non affected BD offspring (n = 3)
Studies included in qualitative synthesis (n = 9) 
Psychiatric measures

Biological markers
Main findings
Barzman et al. [35] Crosssectional n = 10 (BD-I) 12-17 WASH-U-KSADS; BRACHA TNF gene TNF gene expression correlates with both brain activations in amygdala, ACG, and OFC and aggression in adolescents with BD Birmaher et al. [22] Crosssectional n = 30 (18 BD-I; 1 BD-II; 11 BD-NOS)
12-19
K-SADS-PL; MRS; FHS IL-6; hsCRP; BDNF Manic symptom severity was significantly associated with hsCRP levels BDNF levels were not correlated with any illness phase Pandey et al. [37] Longitudinal (8 weeks) n = 47 (26 BD; 21 HC) 7-17 YMRS; CDRS-R BDNF Lymphocyte BDNF mRNA and platelet BDNF levels in drug-free BD subjects were significantly lower than in HCs Lymphocyte BDNF mRNA was significantly increased in medicated BD subjects compared to drug-free BD subjects Lymphocyte BDNF mRNA levels in long-term treated BD subjects was similar to HCs Chitty et al. [39] Crosssectional n = 50 (24 BD-II; 9 BD-spectrum; 17 HC) 
GSH
Decreased GSH in the ACC of high risk drinkers BD subjects No differences in GSH concentration between BD subjects and HCs Lagopoulos et al. [38] Crosssectional n = 104 (13 BD-I; 25 BD-II; 15 BP-spectrum; 51 HC) inclusion and exclusion criteria and were included in this review. Table 1 provides the characteristics of each study, number of included subjects, diagnosis at baseline, age range of the subject sample, considered inflammatory/ oxidative stress markers or neurotrophins, and main findings of the considered study.
Pro-inflammatory markers
One study examined serum pro-inflammatory markers IL-6 and hsCRP and serum BDNF among 30 adolescents diagnosed with BD [18 bipolar type I disorder (BD-I), 1 bipolar type II disorder (BD-II) and 11 BD not otherwise specified] from the Course and Outcome Bipolar Youth study. [29] They found a positive association between manic and hypomanic symptom severity and hsCRP levels. Manic symptom severity was associated with high levels of hsCRP, but not with IL-6 serum levels.
Notably all three subjects with hsCRP levels > 10 μg/mL had a very high manic symptom score (Mania Rating Scale > 20). Depressive symptom severity was not significantly associated with hsCRP or IL-6 serum levels. Forty percent of participants had levels of hsCRP that are considered at risk for cardiovascular diseases among adults.
Barzman et al. [35] examined the associations between TNF gene expressions, functional brain activation under a frustrative nonreward task and aggression in a sample of 10 adolescents affected by BD-I. They found that gene expression of protein in the TNF pathways correlates with both activation in amygdala, anterior cingulate cortex (ACC) and orbito-frontal cortex and aggression in adolescents with BD suggesting that TNF-related inflammatory genes may play a role in neural activity associated with frustrative nonreward and aggressive behaviors in pediatric BD. 
Biological markers
Main findings
KauerSant'Anna, et al. [10] Crosssectional [40] Crosssectional n = 231 (33 BD-I Su et al. [36] investigated pro-inflammatory cytokines levels in a cohort of young males suffering from reactive depression or major depression, or bipolar depression compared to matched sample of healthy control subjects. They found significantly higher levels of TNF-α and significantly lower levels of adiponectin in depressed youths compared to healthy controls, with no difference in both TNF-α and adiponectin levels between depressive subtypes. [36] No difference was found in IL-6 and hsCRP levels between depressed and healthy subjects and between different subtypes of depression. [36] Consistently with these findings supporting early changes in pro-inflammatory cytokine levels during the psychopathological development of BD, Kauer-Sant'Anna et al. [10] found that TNF-α and IL-6 levels were already significantly increased in early-stage BD patients compared to healthy controls and continued to be higher in BD subjects than controls also in the late-stage of the disease. Additionally, they found a positive correlation between TNF-α levels and length of illness. [10] Conversely, the anti-inflammatory IL-10 levels were increased in the early stage of BD but not in the late stage of BD. [10] BDNF Pandey et al. [37] compared gene expression and protein levels of BDNF in a sample of 26 manic or mixed BD adolescents before and after mood-stabilizing treatment with a sample of 21 matched healthy controls. They measured BDNF mRNA levels in lymphocytes of BD subjects before and after treatment and in healthy controls and BDNF protein levels in platelets of drug-free BD and healthy subjects. They found that (1) BDNF mRNA levels in lymphocytes and BDNF protein levels in platelets of drug-free subjects with BD were significantly lower compared to those of healthy controls; (2) long-term treatment with mood-stabilizing drugs significantly increased the levels of BDNF mRNA in the lymphocytes of subjects with BD; and that (3) BDNF mRNA level of BD patients during the 8th week of treatment was comparable to that of healthy control subjects. [37] Measurements of BDNF peripheral levels in a sample of young adult males diagnosed with bipolar depression showed that BDNF levels were significantly lower in depressed subjects than in healthy controls. [36] These finding were not replicated in a later study [29] reporting that BDNF levels in a sample of BD adolescents were not correlated with any illness phase (depressive or manic), but was significantly and inversely associated with IL-6 levels. Consistently with this last observation, Kauer-Sant'Anna et al. [10] found that BDNF levels were similar between patients with early stage BD and matched controls but were significantly decreased in patients with late-stage BD. The decrease in BDNF levels appeared to be proportional to the length of illness and BDNF levels were negatively correlated to the number of mood episodes. [10] Oxidative stress Two studies about the measurement of glutathione (GSH) concentrations in young adult patients with BD compared to healthy subjects suggested that there was no difference in GSH level in the ACC between patients and controls. [38, 39] They reported that GSH levels were not correlated with depressive and manic episode severity [38] and were not significantly different between unmedicated and medicated subjects. [39] Also, they found that GSH levels were decreased in bipolar subjects with high levels of alcohol intake. [39] Magalhaes et al. [40] suggested that young adults with a lifetime history of hypomania had higher levels of oxidative damage to proteins as measured by the determination of carbonyl groups [protein carbonyl content (PCC)] when compared to healthy young adults. High serum PCC levels were associated with a current manic episode, but not with a current depressive episode. Conversely, the levels of lipid peroxidation as measured using the TBARS method did not significantly differ between mood disorder subjects and healthy controls and did not correlate with manic or depressive mood state. [40] A significant gender-related difference in oxidative stress parameters was reported by the same group [41] showing higher PCC and lower uric acid levels in females when compared to males. No association was found between oxidative stress parameters and bipolar versus major depressive disorder in both genders. [41] 
DISCUSSION
The study of inflammatory factors in chronic psychiatric conditions is a relatively new field of research that has already highlighted several important areas of focus in populations of adult BD patients. [1, 3] Our review provides a summary of preliminary findings about the link between inflammatory processes, decreased neurotrophins, increased oxidative stress and juvenile or young adult age BD. Two different lines of research have been pursued in this field, one regarding early onset (pediatric) of BD and the other on the effects of course variables (duration of illness, number of episodes, hospitalizations) on changes in inflammatory markers, neurotrophins and markers of oxidative stress. Studying inflammatory mechanisms in pediatric BD could help to understand the relationship between inflammation and mood episodes. This relationship can be causal (thus preceding and predicting the development of a mood disorder), merely associated with the disease or a consequence of a long lasting illness.
Only three studies [29, 35, 37] examined BDNF and inflammatory markers in small populations of pediatric BD, thus the reported findings are mostly preliminary and not replicated. Six additional studies examined the role of oxidative stress, inflammatory cytokines and BDNF in the pathophysiology of early-onset BD during adult age. [10, 36, [38] [39] [40] [41] Concordant findings showed that inflammatory m a r ke r s a r e i n c r e a s e d s i n c e t h e e a r l i e r stages of BD with: (1) increased TNF-α gene expression in adolescent BD showing aggressive behaviors; [35] (2) increased TNF-α levels in young adults with bipolar depression; [36] (3) increased TNF-α levels since the earlier stages of BD; [10] and (4) positive correlations between TNF-α levels and length of bipolar illness. [10] Also, increased levels of hsCRP have been detected in juvenile BD patients during manic and mixed episodes. [29] A positive correlation was found between decreased levels of peripheral BDNF and a manic, depressive or mixed episode in juvenile and young adult BD, [36, 37] even though such findings have not been always replicated. [10, 29] In fact, some authors have suggested that changes in peripheral levels of BDNF might occur only during the late stage of BD and might reflect the neurodegeneration of late stage mood disorders. [10] Indeed, recent preclinical and clinical evidences suggested that the excitotoxicity due to an excessive glutamatergic transmission might play a role in the pathogenesis of the hypothesized neurodegeneration associated with BD. [42] [43] [44] Also, recent studies have shown that TNF-α is a key cytokine stimulating extensive release of glutamate from microglial cells, [45] whereas the neuroprotective effect of the mood-stabilizing treatments like lithium [46] and the recently suggested promising memantine [47, 48] is well known.
Finally, findings examining the role of oxidative stress in juvenile BD are substantially controversial as no changes in central GSH levels was measured in vivo using magnetic resonance spectroscopy during manic or depressive phase of young adult BD. [38, 39] These findings are inconsistent with studies from other groups finding increased oxidative stress in older samples with illness duration of 10 years on average [20] indicating that oxidative stress may be an outcome of long illness duration and repeated affective episodes rather than being a core feature of the pathophysiology of BD at onset.
Reasons of weakness and inconsistency across the studies are diverse and include heterogeneity of the samples (age and considered BD phases, concurrent use of drugs, substance abuse, comorbidity with other medical illnesses, effect of other psychiatry conditions, especially anxiety related disorders), small to modest sample sizes and differences in studied biological pathways. Also, it is worth to underscore that peripheral change in biological markers might not always correspond to comparable changes of the same markers in the central nervous system.
CONCLUSION
There are preliminary findings indicating that a potential relationship exists between inflammatory process and juvenile BD, but evidences are insufficient to support the causality. Adequately powered and prospective studies on high risk population as well as studies examining the relationship between mood-stabilizing treatment and changes in inflammatory, oxidative markers and neurotrophins levels are warranted to understand their role in the pathogenesis of BD.
Financial support and sponsorship
It was supported by the Research Fellowship from Sapienza University of Rome to Dr. Giulia Serra.
Conflicts of interest
There are no conflicts of interest.
